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Abstract
Fayalitic slag, primarily formed by FeO and SiO2, is a significant byproduct from nonferrous metallurgy, mainly copper, 
lead, and zinc industries. It is estimated that circa 2.2 tons of fayalitic slag are generated per ton of copper produced. This 
slag contains many other valuable chemical elements, but often in low concentrations. This work is the first of two parts: a 
literature review of the composition and mineralogy (Part I) and a thermodynamic modeling of the physical properties (Part 
II) of such slags. Part I analyzes 104 literature sources regarding chemical composition, mineralogical phases, and phase 
transformations of fayalitic slags. The aim is to identify trends, understand behaviors, and guide future research. Fayalitic 
slags average 44.16 mass% FeOeq and 32.56 mass% SiO2, showing significant compositional variability, with CaO, Al2O3, 
and MgO as key minor constituents. Global composition analysis revealed regional differences, where Asia and Europe con-
tributed with most citations. Mineralogically, phase transformations influenced by cooling rates and oxygen partial pressure 
often involve the oxidation of fayalite into magnetite and hematite as well as the liberation of SiO2. Minor key components 
such as Pb and Cu were also mentioned significantly. Ternary phases diagrams (CaO–FeO–SiO2) were assessed, showing 
mineralogy phases consistent with the available literature. This understanding highlights patterns and tendencies in the 
nonferrous metallurgical industry that emphasize the valorization of fayalitic slags. This opens possibilities for targeted 
mineral enrichment and metal recovery by addressing metallurgical process windows and mineralogical characteristics, 
thereby supporting circular economy principles.
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Introduction

The fayalite mineral (Fe2SiO4) was first discovered in 1840 
on the island of Fayal, Portugal. It is a naturally occurring 
iron silicate mineral commonly found in volcanic rocks. [1] 
Later, at the beginning of the twentieth century, synthetic 
fayalitic minerals were observed as a byproduct—the slag—
of the smelting process in the iron and copper industries. The 
discovery is often attributed to metallurgists who observed 
the distinct crystalline structure of this material during the 
refining of metals from their ores. [2] Over time, its indus-
trial relevance has grown significantly, particularly within 
the fields of metallurgy, transforming how this mineral is 
understood and used. Nowadays, fayalitic slags are exten-
sively used in nonferrous metallurgy for treating various 
metal scraps, such as copper, lead, and zinc, due to their 
advantageous physical and chemical properties. The abil-
ity of fayalitic slags to immobilize iron and modify slag 

viscosity has made it indispensable in processes aimed at 
reducing metallic impurities. Although fayalitic slag is con-
stantly present in the copper extraction route, its composition 
and properties change depending strongly on the raw materi-
als, smelting conditions, and cooling processes.

In pyrometallurgical production, particularly in the cop-
per industry, large quantities of slag are generated. It is 
estimated that for every ton of copper produced, approxi-
mately 2.2 tons of slag are generated. [3, 4] In 2023, copper 
production was estimated at 49 million tons, summing up 
mine and refinery production, resulting in approximately 
107.8 million tons of generated slag solely from copper 
mining and refining. [3] The slags can either be disposed 
of as waste or processed further to be used as products with 
similar properties to natural basalt or obsidian. The utiliza-
tion of slags strongly depends on their chemical composition 
and the metals contained within them. Current methods for 
treating these slags include recycling, metal recovery, and 
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the production of valuable materials. These developments 
highlight the potential for resource utilization from slags and 
reduction in disposal costs, which is becoming increasingly 
significant in industry and, therefore, in research. [5]

Fayalitic slag exhibits considerable variations depending 
on the stage of copper production. In the flash smelting (e.g., 
Outokumpu Furnace), the fayalitic slag contains less than 
5 mass% of Cu, mainly as a matte structure. The oxidic cop-
per components are converted by FeS to Cu2S or reduced 
with carbon to metallic copper during the melting procedure 
in the electric arc furnace (EAF). Thus, from this process, 
fayalitic slag is produced, which shows no significant differ-
ence in oxide content compared to the input content reduc-
tion in the EAF. Both slags contain oxides around 35 mass% 
SiO2, also 5–10 mass% CaO, 2–5 mass% MgO, and less than 
10 mass% Al2O3. The presence of Cu in the output slag of 
the EAF remains at approximately 0.5–2.1 mass%, which 
has value for the concrete aggregate and pavement industry. 
Tons of silver were extracted over a period of more, a fay-
alitic slag with 3–15 mass% of Cu is produced by convert-
ing the copper matte from flash smelting to blister copper. 
Due to the addition of copper scrap, printed circuit boards 
(PCB) unstripped, and waste electric and electronic equip-
ment (WEEE) [6] material in an ISASMELT.™ converter, 
this fayalitic slag contains other valuable metals such as Ni, 
Au, Ag, Se, Te, and mainly Pb, Zn, and Sn. [4, 7–9]

This variability is evident, particularly in the different 
cooling conditions of slags in copper, lead, and zinc mining 
operations. In the copper mining in the Mansfeld region in 
Germany, for example, during the operational period of the 
Rohhütte Helbra, which closed in the 1990s, the produced 
copper slag from the shaft furnace was usually dumped, 
forming slag heaps over the years. The cooling process 
results in two structural variants of the slag material: rapidly 
solidifying glasses at the surface due to contact with ambi-
ent air, and crystalline variants in the underlying layer due 
to slower cooling rates. [10] In Mansfeld, one of the world's 
oldest mining areas, it is estimated that approximately 2.6 
million tons of copper and 4.3 tons of silver were extracted 
over a period of more than 800 years. The metal-containing 
copper slag amounts to approximately 66 million tons across 
three large slag heaps near the region of Helbra.

One concern regarding the enormous volume of fayalitic 
slag disposed of is the environmental aspect. Studies have 
been conducted to develop new techniques for reducing the 
heavy metal content, particularly the sulfur content, which is 
a well-known undesired element, as many environmentally 
relevant elements in slags can also be present in sulfide form. 
[4, 11–17] An overview of the mineralogical and geochemi-
cal characteristics of various types of slag, including those 
composed of fayalite, is important and determinant for their 
environmental impacts, particularly the leaching of poten-
tially toxic elements into water. Therefore, the environmental 

behavior of slag is not solely determined by its bulk chemi-
cal composition but also by the stability of its mineral phases 
and the conditions of weathering or leaching. [17]

Additionally, fayalitic slags also contain a relevant num-
ber of valuable metals. To optimize recycling processes 
for fayalitic slags and efficiently recover these resources, 
extensive knowledge of their chemical and physical proper-
ties is required. Currently, fayalitic slags are increasingly in 
focus within research as they are no longer viewed merely 
as disposal waste but rather as valuable resources for the 
circular economy, promoting sustainable resource reuse. 
[4, 18, 19] Studies emphasize the potential of copper slag 
waste as a resource within a circular economy, particularly 
for cobalt and copper recovery, providing detailed chemical 
and mineralogical characterization of copper slags. [20] The 
reviews by Phiri et al. [4, 18] emphasize the potential of 
copper slag for this purpose. This work provides a detailed 
chemical and mineralogical characterization of copper 
slag, which shows an average composition for major ele-
ments (33 mass% SiO2, 39.6 mass% FeOeq, 5.6 mass% CaO, 
9.9 mass% Al2O3, 2.5 mass% MgO, and 0.48 mass% Zn), 
contributing to a valuable benchmark in future research. 
Besides the copper industry, fayalitic slag is also a major 
byproduct in the lead and tin industries, which can be further 
reprocessed or reused. However, the chemical and physical 
properties also present several challenges. On this behalf, 
previous studies have demonstrated that at the end of such 
processes, a residue of Fe2O3 typically remains, which did 
not have significant commercial value at that time and was 
disposed of. [5, 21]

Some studies have also found compositions in which the 
main objective is engineering an artificial fayalitic slag to 
achieve ideal crystallization and enhance metal recovery. 
The engineering of artificial fayalitic slags is crucial for the 
efficient recovery of valuable metals, such as copper and 
cobalt, from industrial processes. By carefully controlling 
parameters such as temperature, cooling rates, and initial 
composition, researchers can optimize the formation of spe-
cific mineral phases that enhance metal extraction. [22–28] 
Elevated temperatures during smelting facilitate the dis-
solution of metals into the slag phase, while rapid cooling 
can lead to a more amorphous structure that may improve 
leaching efficiency. Conversely, slower cooling rates pro-
mote crystallization and the development of well-defined 
fayalite structures, which can influence the distribution and 
accessibility of metals within the slag matrix. Additionally, 
adjusting the chemical composition, such as varying silica 
or iron content, can significantly impact phase stability and 
reactivity. Ultimately, understanding these relationships 
enables engineers to design fayalitic slags that not only 
maximize metal recovery but also minimize environmental 
impacts associated with traditional metallurgical practices. 
By optimizing slag composition during the liquid phase or 
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through targeted treatment, further beneficiation and practice 
promote sustainable processes within the circular economy 
and avoiding post-solidification treatments.

Within this scope, this study aims to establish a com-
prehensive framework that not only enhances understand-
ing of current practices but also facilitates collaboration for 
future innovations in slag processing, primarily targeting 
the circular economy of metals by minimizing waste and 
maximizing resource utilization. Therefore, a comprehen-
sive literature review of the available fayalitic slags, with a 
focus on their continent of origin, composition, mineralogi-
cal phases, and phase transformations related to their metal-
lurgical processes, is presented. Additionally, it examines the 
specific characteristics of fayalitic slag compositions and 
their distribution in categorical groups, such as industrial 
and synthetic slags.

Definition of Fayalite

Fayalite (Fe2SiO4) is an iron-rich member of the olivine 
group, commonly found in iron-bearing rocks and a primary 
component of so-called fayalitic slag from nonferrous met-
allurgy. Formed by the reaction of FeO and SiO2, fayalite 
typically crystallizes in the orthorhombic system, contribut-
ing to the slag´s stability and physical properties during the 
smelting and cooling processes. [29] Its crystal structure, 
illustrated in Fig. 1, consists of isolated [SiO4] tetrahedra 
linked by octahedral Fe2+ ions. Its crystalline structure influ-
ences its behavior in metallurgical processes. [30]

Fayalite is stable at high temperatures (> 800 °C) and 
pressures. Its composition and microstructure allow the 
immobilization of iron and adjustment of the slag viscosity, 

which is critical for metal separation and recovery. [31, 32] 
Under oxidizing conditions, fayalite can transform into mag-
netite (Fe3O4) and silica (SiO2), as described by the follow-
ing reactions:

The addition of CaO, acting as an O2− donor, accelerates 
oxidation, promoting magnetite formation, as shown in:

As basicity increases, the activity of FeO tends to rise 
as well, facilitating its oxidation. This increase of basicity 
creates a favorable chemical environment, promoting the 
conversion of FeO into higher oxidation states such as mag-
netite. Therefore, a higher CaO/SiO2 ratio not only improves 
the overall reactivity of FeO but also contributes to a greater 
formation of magnetite.

Physically, fayalite exhibits a density of 4.2 to 4.4 g/cm3, 
which is attributed to the presence of Fe2+ ions. [33] Its dark 
green-to-black color and strong pleochroism aid in mineral 
identification and provide insights into slag formation con-
ditions. [34]

These characteristics and properties make fayalite a key 
focus for optimizing slag engineering and metal recovery, 
enabling the valorization of metallurgical byproducts. The 
following chapter outlines the methodology employed to 
investigate fayalite’s phase transformations and its impact 
on slag performance under varying metallurgical conditions.

Methodology

An extensive literature review yielded 104 sources that men-
tion either the chemical composition (ppm and mass%) or 
the mineral phases of fayalitic slags. From the total, 76 ref-
erences provided 101 compositions, and 77 references pro-
vided mineralogical data. For the composition assessment, 
worldwide industrial fayalitic slags were sourced, dating 
from the end of the nineteenth century to the present day. 
The type of industrial origin and particularities were also 
observed. For the mineralogy assessment, synthetic fayalitic 
slag was included in the research, which means it was pro-
duced by mixing chemical-grade pure compounds for the 
purpose of  academic research.

Within these 104 references, there were cases in which 
only five main oxide components were reported. In other 
cases, a thorough  investigation was reported, in which more 
than twenty oxides and metals were mentioned. These dif-
ferences were difficult to compare. Therefore, the authors 
have decided to normalize each composition. According to 
the composition found in each literature, firstly, all oxides 
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Fig. 1   Tridimensional fayalite crystalline structure. Adapted from 
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from all references were converted into the stoichiomet-
ric elementary form (for example, 10 mass% FeO equals 
7.773 mass% Fe) and subsequently normalized. This nor-
malization ensured that the total sum of components equaled 
100%, allowing a clear comparison between different sam-
ples. The detailed chemical composition of the fayalitic slags 
from different parts of the world is presented in online sup-
plementary material Table S1. Regarding the iron oxides, 
it is essential to note that some references provided the 
total percentage of iron, others reported FeO, while others 
reported Fe2O3 and Fe3O4, depending on the analysis per-
formed and the specific application. For further particular 
assessments presented in this study, such as for the ternary 
diagrams, the respective elementary forms were once again 
converted into the corresponding more stable oxide form, for 
example, CaO and SiO2, maintaining consistency with the 
original data source. In the case of iron, Fe2O3 and Fe3O4 
were converted to equivalent FeO content (referred further 
in text as FeOeq).

Composition Assessment

The designation fayalitic slag is broadly used in literature, 
not referring solely to the compound Fe2SiO4 formed by 
the chemical reaction of FeO and SiO2, but rather for these 
slags from industry, mainly Cu, that contain mostly iron and 
silicon oxides. The survey revealed the presence of 39 dif-
ferent chemical elements within the reported fayalitic slags. 
Ranging from the predominant elements Fe and Si to minor 
or atypical ones such as Be and Y, these phases exhibit 
a remarkably wide compositional range. However, the 

sampling number (n) of each chemical element showed no 
constancy, decreasing according to Fig. 2. It was observed 
that six chemical elements were reported in more than 90% 
of the references: Fe, Si, Ca, Al, Mg, and Cu. Sulfur appears 
next in prevalence, followed by a pronounced drop for Zn 
and the other elements. Ca, Al, and Mg are part of a special 
group concerning slags since these are often added as flux-
ing agents for adjustment of specific properties. Cu and S are 
correlated to the matte formation in the Cu industry, and the 
rest are mostly related to particularities in industrial opera-
tions as well as the origin of the ore in mining production.

The Core of Fayalite: FeO and SiO2

The original two components of the fayalite mineral are FeO 
and SiO2. Figure 3a shows a box chart with the distribu-
tion composition of both oxides from the collected slags. 
The minimum value for FeO is 6.16 mass%, followed by the 
first quartile that extends up to 34.15 mass%, which means 
that this significant range in comparison with the second, 
third, and finally the fourth quartile comprises only 25% 
of the sampling. The maximum composition observed was 
67.03 mass%. In the middle, the average is 42.95 mass%. 
Only one outlier was observed, close to 2 mass%, related 
to the amorphous characteristic of the granulated slag after 
the blast furnace smelting process. [35] The box chart for 
SiO2 composition distribution showed both first and fourth 
quartiles with similar ranges, as well as the second and third 
quartiles ranges, from a minimum of 15.56 mass% to a maxi-
mum of 44.87 mass%. The average was 30.54 mass%. How-
ever, for SiO2, more outliers were observed. One reference 

Fig. 2   Sampling number (n 
– left y-axis) of each chemi-
cal element uncovered by the 
research and its corresponding 
atomic number (right y-axis)
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that reported zero SiO2 content still referred to the slag as 
fayalitic [36]. Another reference showed that the maximum 
SiO2 content (85 mass%) came from a Cu industry located in 
Kazakhstan [37], but provided no explanation for it.

In a stoichiometric fayalite molecule, 2FeO·SiO2, FeO 
corresponds to ~ 70 mass% and SiO2 to ~ 30 mass%. The 
survey showed, based on the average mass of both oxides, 
that this proportion is not followed. According to the data, 

only the SiO2 content is close to the value, whereas FeO is 
compromised, possibly by other components and due to the 
FeOeq calculated, since iron is reported as different chemi-
cal forms – Fe2O3, Fetot, and Fe3O4 – in all 101 collected 
compositions.

Figure 3b shows a histogram with the calculated FeOeq/
SiO2 ratios distributed in 0.5 ranges and the corresponding 
times in the references that these interval ratios occurred. 

Fig. 3   FeOeqand SiO2 com-
position distribution (a) and 
histogram with the calculated 
oxide ratios (b)
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One reference showed a ratio of more than 9, whose ratio 
is not shown on the graph. [38] This is because the slag 
originates from a process to recover Pb, after Cu has been 
recovered, where the SiO2 content is relatively low. [39] The 
other two references where the ratio is defined between 5 
and 5.5 have not disclosed reasons for the low SiO2 con-
tent. On the other hand, the ratios below 1, meaning that the 
mass percentage of SiO2 is higher than FeO, summed up 20, 
which represents 20% of the reported fayalitic slags. Among 
these, a slag from a shaft furnace has the lowest FeO/SiO2 
ratio. Some high SiO2 content in slags can be attributed to 
(i) a gangue rich in quartz and (ii) the addition of the silica-
rich material as a flux to the furnace charge, which leads 
to considerable amounts of unmelted SiO2-rich material in 
the porous slag. [18] Nonetheless, most of the ratios rely 
on between 1 and 2.5, which is closer to the stoichiometric 
theoretical value.

Within the slags from older smelting processes, the role 
in the evolution of smelting techniques and slag composi-
tions can be observed. Early copper smelting in Mexico 
shows high Fe and Si contents due to less efficient separation 
techniques. [40] The ores used in early smelting processes, 
until the 1980s, were often less processed and contained 
higher amounts of gangue minerals, resulting in higher Si 
and Al contents in the slags. With the advent of more sophis-
ticated smelting techniques, the use of specific fluxing agents 
became more common, optimizing the slag composition for 
better metal recovery. Early smelting processes had less 
precise temperature control, resulting in slags with varied 
compositions and higher Fe and Mg contents due to incom-
plete reduction. [41]

The Important Slagging Components

The three slagging components—CaO, Al2O3, and MgO—
are important for adjusting viscosity, density, basicity, and 
melting temperature in smelting operations. The behavior 
of these three oxides is related to oxidation and capture of 
specific metals from the melt. Figure 4a shows the box chart 
in which the distribution composition can be observed. The 
fourth quartile for the three oxides presented the higher 
range, which pulled up the average of the three oxides with 
6.99 mass%, 4.60 mass%, and 2.66 mass%, respectively, for 
CaO, Al2O3, and MgO. From the 101 compositions, CaO 
was not mentioned in 12, Al2O3 in 10, and MgO in 8, which 
were not considered in the box charts. Significant outliers 
were observed, particularly for CaO, highlighting distinct 
features. Contents higher than 30 mass% in our survey origi-
nate in the steel industry, where Fe is a target metal. There-
fore, the CaO content increases, balancing the content of the 
other compounds. The other outliers for high CaO content 
just mentioned that the copper slag was "special" [42] or 
come from different stages of copper smelting industry, such 

as shaft and electric arc furnaces. [35] Slags from Australia 
and Spain show variations in composition due to regional 
differences in smelting practices and available resources. 
Early smelters often used locally available materials like 
sand (SiO2) and limestone (CaCO3) as fluxes. This led to 
high Si and Ca contents in the slags. The availability of local 
resources influenced the composition of slags. For example, 
regions with abundant limestone had higher Ca contents in 
their slags. [36, 43] The age of smelting processes has also 
influenced the composition of slags, with technological 
advancements, raw material quality, fluxing agents, smelt-
ing conditions, and environmental factors playing key roles.

Figure 4b shows the ratio between CaO and SiO2, i.e., the 
slag basicity of each reference. Interestingly, 80 out of 88 
references (12 references do not mention CaO, and 1 does 
not mention SiO2) showed a ratio lower than 0.5, mean-
ing these slags are mainly acidic. As the basicity of slags 
increases, the cementitious properties of that slag sample 
will also increase, which is the case for the other 8 composi-
tions, where higher CaO contents were observed, showing 

Fig. 4   CaO, Al2O3, and MgO composition distribution (a) and histo-
gram with the calculated Ca and Si oxide ratios (b)
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high basicity. Here again the compositions are related to 
steel industry [29] and special cases where the SiO2 content 
is rather low.

These differences also address challenges and corre-
sponding knowledge since they extremely influence the 
choice of suitable lining. Acidic slags, normally like fayalitic 
slag (low CaO/SiO2 ratio), are less corrosive and therefore 
suitable to silicate-based refractories in furnaces, while basic 
slags (high ratio) require costlier magnesia-based linings due 
to increased chemical interaction. The use of calcium fer-
rite slag for bath converting furnaces has impacted furnace 
design and process stability, as the basic slags may reduce 
mixing efficiency and necessitate specialized slag treatment, 
leading to frequent lining replacement. [44, 45]

Origins of Fayalitic Slag Worldwide

Fayalitic slags reported in the literature originate from Asia 
(50%), followed by Europe (27%), and Africa (11%). North 
and South America represent 7 and 45% of the analyzed 
compositions, respectively. Oceania accounts for the remain-
ing percentage. Figure 5 shows the geographical distribution 
of the five main constituents and their average share.

The chart shows the average composition by continent for 
the iron, silicon, calcium, aluminum, and magnesium oxides 
in the studied slags, summing up at least 82 mass% of the 
total content on average. For FeOeq, the highest averages 
were found in Asia, South America, and North America. 
Africa shows the lowest average for iron oxide (28.0 mass%) 
due to the reported significant presence of ZnO, PbO, and 
Cu in specific slags. The studied slag compositions from 
South America are primarily derived from Chile, specifi-
cally from the copper industry, primarily from mine produc-
tion. In these slags, the contents of CaO, Al2O3, and MgO 
are lower than 1.5% on average. In all the other regions of 

the world, the content of these three components has slight 
variations, which highlights the features of fluxes addition.

However, the data analysis showed great discrepancies 
within the oxide's shares, where the standard deviation 
reached up to ± 16.5 mass% in the case of FeOeq and CaO in 
Europe. The reasons are the source and age, since, for exam-
ple, slags originated in Poland [38, 46] contain less than 
10 mass% FeOeq. On the opposite side, a slag from Bulgaria 
[47] reported more than 60 mass% FeOeq. Balancing with 
FeOeq, it can be observed for SiO2 that a slag reported less 
than 10 mass% [42] in Iran against more than 85 mass% [37] 
in Kazakhstan, both from Cu industry with no further details 
on ore origin or process. The more homogeneous distribu-
tion is the MgO content, in which all continents have not 
presented higher standard deviations than 2.5%.

Overall, the analysis shows clear differences in the chemi-
cal composition of the samples from different continents 
and highlights specific regional characteristics. It is impor-
tant to emphasize that our sampling does not imply that, for 
example, there are no copper slag sources in South America 
other than Chile. Rather, it highlights the locations where 
the research originated and, consequently, the secondary 
recycling industries are primarily situated in Europe and 
Asia. Furthermore, it is evident that primary industries are 
spread worldwide; however, Europe's substantial contribu-
tion highlights its advances in metallurgical and recycling 
practices. In general, it could be observed by analyzing the 
country of origin of the studied compositions that, while the 
US generates substantial amounts of electronic scrap, being 
a large and growing industry, Europe demonstrates effec-
tive management in this area through  technology initiatives, 
highlighting the need for improved recycling infrastructure 
to enhance resource recovery and sustainability. [7]

For the references from North America, it is important to 
note that there is a high demand on recycling plants. This is 
due to the overall energy saving of approximately 49 liters 
of oil (around 125 kg of CO2eq emissions) per ton of cop-
per scrap if this material were to be treated in a plant in the 
United States rather than exported to Asia or elsewhere. It 
was inferred that large amounts of copper and precious metal 
scrap have been exported from the US to treatment facilities 
elsewhere since the early 2000s due to the lack of develop-
ment of specialized technology to facilitate the recycling 
of a diverse range of metals, including precious metals. [7]

The Minority but Valuable Constituents

The other chemical elements were mentioned at least once 
in the 101 compositions collected. In Fig. 6a, it can be seen 
the box charts for Cu, S, and Pb composition distribution 
with lower or similar averages than the main constituents. 
In addition, outliers with interestingly high contents were 
observed in reports. As expected, Cu is an element present Fig. 5   Worldwide fayalitic slags average composition



Journal of Sustainable Metallurgy	

in most of the slags since the majority originates in the Cu 
industry, which is also directly related to the presence of S. 
Cu is associated with oxygen, sulfur (sulfides), or in metallic 
form. In addition, the high content of Cu in slags could be 
related to an inefficient smelting process due to the partial 
liberation of Cu from ores or could also be attributed to the 
incomplete separation from the matte during the converting 
process. On the other hand, the incomplete combustion of 
sulfide minerals during smelting can result in residual sulfur 
being trapped in the slag. Another reason is the source of the 
slag collection. Some studies mention the smelter process, in 
which the copper content is typically low (< 2 mass%), but 
other studies report slags from converters, in which the Cu 
content tends to be higher (up to 10 mass%). A few reports 
also mention flotation tailings, where the slags' copper con-
tent is much lower (< 1 mass%).

The other elements also present outliers with consider-
ably higher contents than their average. The Pb outlier 

with more than 18 mass% is related to the deposits of an 
old Pb smelting process and since the smelter operated 
over different periods with varying technologies, possibly 
some were less effective at minimizing Pb content in the 
slag. [41] The other outliers for K, Mn, Ni, Na, and Co, 
for example, also point out the same reasons: the original 
ore and fluxes addition might contain them, combined with 
specific smelting techniques and conditions. Key findings 
include varying levels of specific elements across different 
regions, with notable concentrations reported in countries 
such as China, India, and Italy. For instance, studies from 
China show a range of values for elements such as arsenic 
and lead, while India demonstrates significant concentra-
tions of various elements in different studies. [4]

The study by Chen et  al. [48], which examines the 
impact of ZnO content in fayalitic slag, has found that 
using ZnO-containing fayalitic slag with a higher FeO/
SiO2 ratio could be beneficial for protecting furnace lin-
ings, i.e., chromagnesite, in secondary copper smelting. 
Another remarkable data are a high concentration of Arse-
nic, up to 4 mass% in a specific older slag from Namibia. 
The reason could be the nature of the ores processed 
and the smelting techniques used. The Tsumeb smelter 
processed complex polymetallic ores that contained sig-
nificant amounts of arsenic-bearing minerals. During the 
smelting process, arsenic, which is volatile at high tem-
peratures, can condense and become trapped in the slag. 
[41] The presence of Ti has also a punctual higher value 
of 1.93 mass% [49] in comparison with the average, which 
is probably related to the smelting process, where the Ti-
bearing minerals can end up in the slag as impurities. The 
same situation is observed when high concentrations of 
nickel are spotted in the slags.

The other chemical elements have an average content 
lower than 0.2 mass% and no significant outliers. Some 
examples are Sn, Mo, Ga, Ge, Nb, V, and Bi, possibly 
related to WEEE recycling processes in Cu industries, 
where these metals are present.

Tian et al. [50] provide a comprehensive overview of 
the metallurgical recycling and cleaning of copper slag, 
with a focus on the recovery of valuable metals and the 
environmental impact of slag disposal. The importance of 
optimizing slag processing techniques to enhance metal 
recovery and minimize environmental harm is highlighted, 
as well as the exploration of phase transformations that 
occur during slag crystallization and how parameters 
like cooling rate, oxygen partial pressure, and liquidus 
temperature affect these processes. The industry's shift 
toward more sustainable practices is highlighted, with the 
goal of integrating slag treatment into a circular economy 
framework.

Fig. 6   Minority and valuable constituents composition distribution: a 
S, Cu, and Pb, b Zn, K, Mn, Na, Ni, and Co
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CaO–FeOeq–SiO2 Ternary Diagrams

Since the three main constituents of fayalitic slag are 
FeO, SiO2, and CaO, ternary diagrams with these three 
compounds were explored and compared to different lit-
erature sources. Based on the composition of these three 
compounds, the 101 normalized reference compositions 
were plotted in ternary diagrams to assess important slag-
ging characteristics. Ternary and quasi-ternary diagrams, 
resulting from thermochemical data assessments of Gibbs 
energies, are widely utilized in the literature and industry to 
describe slag compositional relationships. These diagrams 
were applied in this study to analyze the compositions, ena-
bling subsequent comparison with the available literature.

Figure 7 illustrates the Kernel distribution plot of the 
collected slag's compositions, presented in a CaO-FeO-
SiO2 ternary phase diagram. The color gradient of the 
diagram represents the number of references that contain 
the specific ternary composition. For example, the blue 
area represents ternary compositions in which no refer-
ence has been reported. The graph also includes a box 
that highlights the range of ternary compositions within 
the area of higher density of references (in red). For this 
area, the FeOeq and SiO2 content ranges between 55 and 
70 mass% and 30 and 42 mass%, respectively. The range 
for CaO is 0–7 mass%. In the area directly adjacent along 
the SiO2 axis, fewer references, 25 to 15 (lower density), 
with a broader variation for Si and Fe, but with the same 
range mentioned for Ca and Mg. The graph also shows 
outlier compositions, representing lower densities in the 
plot, like points 1 and 2, where the ternary composition 
of CaO-55mass%-SiO2-20mass%-FeO-25mass% [29] and 

CaO-12mass%-SiO2-48mass%-FeO-40m–-SiO2 ternary dia-
gram with the 101 normalized composition in orange dots. 
Additionally, the ternary diagram presents delimitated areas 
of the main precipitated phases of the fayalitic slag system 
according to FactSage™ [51]. It is apparent that despite the 
variability in processing conditions and sources, there were 
underlying patterns in the compositions.

Regarding the depicted compositions, a pattern can be 
observed, since most of the studied compositions rely on 
between 50 and 75 mass% FeO and 25 and 50 mass% SiO2 
and less than 10 mass% CaO. This area refers to fayalite 
microstructure (Fe2O4Si(s)) until around 3 mass% CaO and 
to the phase boundary for an olivine microstructure as CaO 
content increases. Higher FeO content by a fixed SiO2 con-
tent converts the olivine into wüstite, and lower FeO con-
tent can turn olivine–wüstite to main calcium-silicate phase, 
which increases the melting point of the slag. [52]

Most of the studied compositions rely on the fayalitic or 
olivine phase field with a liquidus temperature between 1100 
and 1200 °C. The area of precipitated Wollastonite faces a 
liquidus temperature surface change up to 1300 °C. For the 
compositions in the region of Ca3SiO5, the liquidus tempera-
ture surface is to be expected around 1900 °C.

Comparing the compositions, it can be observed from 
the shown diagram that the variation of CaO is minimal 
concerning the fayalitic phase. As the CaO increases, there 
is a tendency for calcium to take the place of iron, which 
tends to react with oxygen and, therefore, react preferentially 
with silicon, raising the liquidus temperature. For instance, 
Ca and Si can reduce the crystallization temperature of 
fayalite-rich olivine by as much as 100 °C, but trivalent iron, 
indicated by magnetite in slags, has little impact on melting 
temperatures. [53]

For fayalitic slags from nickel industries, the fayalite 
phase can be enhanced by moderate content of CaO, and its 
addition of more than 12 mass% accelerates the kinetics of 
the oxidation of fayalite into magnetite. An excess of CaO 
addition, as also shown in Fig. 8, strongly forms silicates 
[54]. As an interesting finding, Yongbo et al. observed a 
reduction in the crystallization temperature by increasing 
the CaO content from 6 mass% to 30 mass%. However, to 
obtain such a conclusion, it is essential to examine the melt-
ing points of each studied composition.

The slags within 35–40 mass% CaO show composition 
derived from industrial steelmaking and synthetic slags with 
higher CaO/SiO2 ratios. These types of slags are not nor-
mally called fayalitic slags due to their different chemical 
composition, which often includes higher content of cal-
cium, magnesium oxides, and aluminosilicates. Therefore, 
the different types of slags are named differently depending 
on their origin, chemical composition, and physical proper-
ties. [29, 55, 56] The paper discusses the composition of 
both ferrous and nonferrous slags, noting that ferrous slags 

Fig. 7   Ternary diagram of the normalized CaO–FeOeq–SiO2 compo-
sitions for the fayalitic slags represented as a kernel density according 
to the number of references
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are dominated by Ca and Si, with significant Fe content, 
while nonferrous slags are primarily composed of Fe and Si 
with lesser amounts of Al and Ca. [57]

Mineralogy of Fayalitic Slags

The structure of fayalite (Fe2SiO4) can have two arrange-
ments. In both, the SiIV cations occupy tetrahedral sites to 
form SiO4; however, FeII and O show different packing man-
ners. The first structure is the orthorhombic α-Fe2SiO4 or 
olivine structure, in which the oxygen packing is hexagonal 
close-type (hcp) and FeII cations occupy two non-equivalent 
octahedral sites in equal proportion. The second structure 
is the cubic γ-Fe2SiO4 or spinel structure, which has face-
centered packing (FCC) for oxygen atoms and FeII cations 
occupy equivalent octahedral sites. With more stability at 
ambient temperature, α-Fe2SiO4 transforms into γ-Fe2SiO4 
at rigorous conditions. The conditions at Earth's crust make 
the existence of Fe-rich olivine scarce due to the relatively 
high oxygen fugacity [f(O2)], which tends to form magnetite 
and quartz. [23]

In oxidizing environments, fayalite tends to oxidize, lead-
ing to its decomposition into iron oxide, magnetite (Fe3O4) 
and/or hematite (Fe2O3), along with the liberation and for-
mation of silica. Magnetite, with its inverse spinel struc-
ture, coexists with other compounds in the slag, and under 
specific conditions, exhibits magnetic behavior. Fayalite 
is commonly associated with magnetite, constrained by 
a quartz–fayalite–magnetite (QFM) phase boundary as 
described in previous studies. [58–60] The magnetite content 

in fayalitic slag is influenced by oxygen diffusion and the 
precipitation of solid mixtures during cooling, contributing 
to the partially magnetic properties of fayalitic slags at lower 
temperatures. [61, 62]

As indicated, the oxidation state of iron in fayalite can 
be distinguished, depending mostly on the ambient oxygen 
activity and specific crystallographic site. Consequently, the 
metal content and therefore the resultant microstructure of 
the slag can vary widely based on the metallurgical treat-
ment process and cooling conditions. As has been already 
discussed, the chemical composition of fayalitic slags var-
ies significantly, but the melting conditions, e.g., iron spe-
ciation, cooling conditions, and fluxes, of the metallurgi-
cal treatment process play a significant role in shaping its 
microstructure and, therefore, its properties. Nonetheless, 
either fayalitic slag lab synthesized or industrial byproduct 
is formed by an extended combination of other compounds, 
in which atoms arrange themselves in specific thermody-
namically stable minerals according to the surrounding 
conditions.

In this study, 84 references reported 32 different min-
erals related to fayalitic slag. Figure 9 shows the number 
of times each mineral was mentioned, categorized by the 
industry source of the fayalitic slag. As expected, most of 
the literature is from the Cu industry, followed by Ni and Pb 
industries. A considerable number of studies also reported 
minerals from synthetic fayalitic slags, which were not men-
tioned before. The number of amorphous phases reported is 
also significant, since this has a direct connection with the 
quenching cooling method, where crystals are not formed 
due to rapid kinetics.

Obviously, fayalite itself stands as the mineral mainly 
mentioned in references. Since the oxidation behavior of 
fayalite goes through the magnetite (FeO Fe2O3) and hema-
tite (Fe2O3) phases, both these are also greatly observed on 

Fig. 8   Ternary diagram of the normalized CaO–FeOeq–SiO2 compo-
sitions for the fayalitic slag (orange dots) and corresponding phases 
areas (in purple) [51] (Color figure online)

Fig. 9   Mineralogy of fayalitic slag reported in the  literature accord-
ing to the source
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fayalitic slags, followed by quartz (SiO2) and Wüstite (FeO), 
whose minerals react among each other and balance to the 
equilibrium with the fayalite phase.

The other minerals are variations of these three main 
chemical elements – Fe, Si, and O – combined with low 
content chemical elements such as Ca, Mg, Mn, Al, Ti, Zn, 
and K. Each of these minerals is thermodynamically stable 
in different conditions, such as cooling rate, liquidus tem-
perature, oxygen partial pressure, and composition ranges. 
Their kinetics are complex and will not be addressed in this 
review.

Besides the mentioned minerals, the following were also 
reported in the literature:

•	 Olivine minerals: Forsterite (Mg2SiO4), monticellite 
(CaMgSiO4), and kirschsteinite (CaFe2+SiO4), besides 
fayalite. These minerals were found in 8 studies, mainly 
in the Cu industry;

•	 Pyroxene minerals: Another prominent group accounts 
for hedenbergite (CaFe2+Si2O6), augite [Ca(Mg,Fe,Al,Ti)
(Si,Al)2O6], petedunnite (CaZnSi2O6), diopside 
(CaMgSi2O6), esseneite (CaFeAlSi2O6), and ferrosilite 
(Fe2Si2O6);

•	 Spinel minerals: Aside from the already mentioned mag-
netite, spinel (MgAl2O4), hercynite (FeAl2O4), jacobsite 
(MnFe2O4), and cuprospinel (CuFe2O4) were reported;

•	 Feldspar minerals: Anorthite (CaAl2Si2O8), leucite 
(KAlSi2O6), and hyalophane (KAlSi4O8) were reported 
in a few studies;

•	 Melilite minerals: Only akermanite (Ca2MgSi2O7) was 
reported.

•	 Other minerals: Wollastonite (CaSiO3), willem-
ite (Zn2SiO4), titanite (CaTiSiO5), brownmillerite 
(Ca2Fe2O5), rankinite (Ca3Si2O7), iscorite (Fe7SiO10), 
and grossular (Ca3Al2Si3O12) were also briefly reported;

•	 Iron metallic is also found in some cases as well as crys-
tobalite, the other structure of SiO2;

•	 Amorphous phases were also greatly reported without 
further details.

In Fig. 10a, b, it is represented the percentage number of 
times each mineral was mentioned in the references from 
synthetic and industry slags, respectively. As expected, 
fayalite comes first, followed by amorphous, magnetite, and 
silica. It is worth noticing that 15 minerals were mentioned 
just once in both categories. The synthetic slags sum up 
only 19 minerals, while the industrial slags account for 29 
minerals.

The higher level of controlling temperature, cooling 
rates, and fluxes addition for purposes of research generates 
a smaller number of compounds. Eventually, some minerals 
might be even targeted in some specific studies; therefore, 
these types of slags are on purpose specially engineered. 

Moreover, generally the handling (i.e., cooling) is controlled, 
where consequently the formation of different compounds is 
not thermodynamically favorable.

On the opposite side, the industrial slags are more com-
plex and undergo different smelting treatments, as well as 
cooling procedures, especially quenching, in which amor-
phous phases tend to be form, which is evidenced by the 
higher number of references with this phase. Additionally, 
the high number of minerals indicates the specificities of 
the slags, which are subjected to natural oxidation in the 
long-term behavior of slag-environment interactions. The 
so-called disequilibrium conditions, i.e., conditions far from 
equilibrium, generally apply to slags, where different cooling 
regimes affect the crystal morphology, glass-to-crystal ratio, 
and the distribution of elements. [57] Besides fayalite, mag-
netite, and quartz, the other three minerals mostly identified 
are hedenbergite, akermanite, and kirschsteinite, which in 
common contain Ca within the mineral structure. The occur-
rence of both olivines (fayalite and kirschsteinite) depends 
on the bulk composition of the melt. When the Ca content of 
the melt enters the miscibility gap, i.e., around 4 mass%, the 
formation of both olivines is thermodynamically favorable, 
either close to the eutectic as primary crystallization or later 
as subsolidus exsolution. [63] The high number of citations 
of hedenbergite, which is not a stable phase in the system 
CaO–FeO–SiO2, could be connected to the high content of 
Silica and to the subsolidus transformation of hedenbergite 
or of metastable Ferro-Wollastonite at temperature condi-
tions of 950 °C. [64] Modern pyrometallurgical companies 
have nowadays optimized slag systems and a much vaster 
knowledge on slag systems depending on the goals. Magnet-
ite represents a higher percentage of mentions in the industry 
slags, which means that long-term exposition might have 
an impact of phase formation in addition to different slag 
compositions and fluxes addition.

Mihailova, Redev and Mehandjiev examine the compo-
sition and potential applications of waste copper slag. This 
waste consists mainly of magnetite and fayalite, besides an 
amorphous silicate phase and copper matte. Additionally, it 
explores the phase transformations of this waste slag stream 
during heating between 500 and 1000 °C under an air atmos-
phere. It was observed that, at high temperatures, the amor-
phous phase remained the same, but the iron-containing 
phases were primarily oxidized into high iron oxides, e.g., 
hematite and magnetite, releasing silica from fayalite. [65]

The minerals brownmillerite, jacobsite, and rankinite 
were only reported on synthetic slags. Only two minerals 
were reported exclusively in industrial slags: petedunnite 
and cuprospinel. A study that targeted the complete oxida-
tion of fayalite, and therefore, the decomposition of the oli-
vine structure, was performed by oxidizing in air atmosphere 
at 1658 K for up to 2.5 h and cooled under argon to room 
temperature. An iron-rich nickel slag with 36.22 mass% 
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Fetot, 14.25 mass% Si, 8.94 mass% Mg, and 3.75 mass% Ca 
as main components was used. The phases identified through 
XRD after 2.5 h of oxidation were magnetite (Fe3O4), augite 
(Ca(Mg,Fe)Si2O6), forsterite ((Mg,Fe)2SiO4), and monticel-
lite (CaMgSiO4). [17]

Furthermore, electron microscopy techniques, such as 
scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM), have been employed to inves-
tigate the microstructural features of fayalitic slag. These 
studies have revealed that the microstructure of fayalitic slag 
is highly heterogeneous, with variations in grain size and 
morphology depending on the cooling conditions. [66–68]

In addition to the qualitative description of mineral 
phases in fayalitic slags, advanced mineralogical studies 

Fig. 10   Mineralogical phases 
distribution frequency in 
literature for synthetic (a) and 
industrial slags (b)
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often employ automated systems such as the Mineral Lib-
eration Analyzer (MLA) or similar SEM-based platforms 
like Integrated Mineral Analyzer (TIMA) to provide quan-
titative data on grain size distribution, elemental deport-
ment, and mineral associations. These tools integrate SEM 
with energy-dispersive X-ray spectroscopy (EDS) to map 
and quantify phases at high resolution, enabling insights 
into metal recovery potential, phase intergrowths, and 
microstructural features that influence slag properties and 
environmental behavior. In a study of reprocessed copper 
slag from Namibia, which is dominantly fayalitic, the Min-
eralogic Mining system was used for automated quantita-
tive analysis samples for EDS mapping. [41] This revealed 
that over 90% of the slag area consisted of amorphous 
glass, with crystalline phases including fayalite (polyhe-
dral crystals in kirschteinite solid solutions), clinopyrox-
ene (e.g., wollastonite), magnetite, and quartz. Grain size 
distribution, determined via laser diffraction, showed pat-
terns with only around 25 vol% below 150 µm. Elemental 
distribution indicated Fe and Si as majority elements, with 
Zn, Pb, Cu, and As as key metals; notably, glass hosted 
around 58–70% of Cu and most Zn, while fayalite con-
tained up to 10 mass% ZnO. [41] Mineral associations 
highlighted fayalite intergrown with spinels and glass 
matrices, often enclosing sulfide inclusions or metallic 
droplets, which impact leaching efficiency due to encap-
sulation. Similarly, automated mineralogy via MLA has 
been applied to historical lead-silver smelting slags rich in 
fayalite, combining SEM–EDS with electron probe micro-
analysis (EPMA) for behavior studies. [69]

These slags exhibit Fe contents within fayalite as the 
primary silicate phase, with Si–Ca–Fe glass, spinels (e.g., 
gahnite, hercynite, magnetite), melilite, sulfides (e.g., 
galena), and residual quartz. The analysis showed that up 
to 95.4% of Ga and between 95–96.7% of Ge were hosted 
in the amorphous glass, with Spinels (< 20 μm) contain-
ing Ga but only minor Ge. Associations with Wüstite and 
Sphalerite (Sulfides) were not detected. Grain size meas-
urements indicated that fayalite and spinel grains were 
typically < 50 μm, with glass dominating finer fractions, 
complicating physical preconcentration due to the high 
glass content. [69] Although specific grain size data were 
not detailed, the focus on sieve fractions underscored 
fine-grained intergrowths, suggesting that unbalanced 
cooling promotes complex associations such as fayalite 
with magnetite and glass, complicating metal extraction by 
pyrometallurgical or leaching strategies. Such quantitative 
approaches complement traditional XRD and SEM–EDS 
by providing statistical data on liberation characteristics, 
revealing that in fayalitic slags, slower cooling favors 
larger fayalite grains (e.g., > 20 µm) with higher crystal-
linity, while quenching enhances amorphous content and 
finer distributions. [27, 67, 70–73]

Toward Slag Valorization

The composition and mineralogy of industrial fayalitic slags 
play a pivotal role in advancing the principles of circular 
economy, particularly in the context of metal recycling and 
the valorization of byproducts. Therefore, the comprehen-
sion of the detailed mineralogical and compositional charac-
teristics of fayalitic slags is essential for developing effective 
recycling strategies and enhancing resource efficiency.

The significance of fayalitic slag composition lies in its 
potential to recover critical raw materials (CRMs), which are 
increasingly recognized for their strategic importance in var-
ious industries, including electronics, renewable energy, and 
automotive sectors. [74, 75] As earlier mentioned, fayalitic 
slags often contain significant amounts of valuable metals 
such as zinc, copper, lead, and cadmium, primarily hosted in 
mineral phases like fayalite, magnetite, spinel phases (e.g., 
ZnFe2O4), and sulfide inclusions. The presence of metals 
such as zinc, copper, and lead within fayalitic slags presents 
an opportunity for their recovery, thereby reducing the 
need for primary extraction and minimizing environmental 
impacts associated with mining activities. [76] For instance, 
one of the primary valuable components of copper slags, 
zinc can only be effectively industrially extracted under 
pyrometallurgical processes like slag cleaning in electric 
arc furnaces. Zinc accumulates in the fly ash, where it can 
achieve recovery efficiency of up to 90% under optimized 
conditions. Acid leaching and bioleaching have emerged as 
potential treatments for recovering Zn, although they are 
still performed only on a research scale. [77, 78] Recovering 
cadmium from spinel phases often requires reductive roast-
ing prior to leaching to improve yields. [17]

The mineralogical characterization of fayalitic slags 
can inform the development of tailored processing tech-
niques aimed at maximizing metal recovery. For instance, 
the identification of specific mineral phases within the slag 
can guide the selection of appropriate hydrometallurgical 
or pyrometallurgical methods for metal extraction. [79, 80] 
The presence of crystalline fayalite and magnetite, along-
side amorphous silicate matrices, influences the choice of 
processing methods, as fayalite´s refractory nature demands 
higher-temperature pyrometallurgical treatment, while 
amorphous silicate phases are more amenable to acid leach-
ing. This targeted approach not only enhances recovery rates 
but also reduces energy consumption and operational costs, 
further contributing to the sustainability of metal recycling 
processes.

The valorization of fayalitic slags extends beyond metal 
recovery; it encompasses the potential use of these mate-
rials in various applications, including construction, road 
building, and as a substitute for traditional raw materials in 
cement production. [81–83] The high silica (30–40 mass%) 
and iron oxide as FeO (40–50 mass%) content in fayalitic 
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slags, combined with their glassy or crystalline structure, 
makes them suitable as aggregates in concrete or as raw 
materials in geopolymer production, offering comparable 
compressive strength to traditional materials. For con-
struction applications, slags with low heavy metal content 
(e.g., < 0.5 mg/kg Pb as inert waste) and high proportion of 
stable silicate phases are preferred to ensure environmental 
safety and material durability. [17, 84–86] By repurposing 
fayalitic slags, industries can reduce their reliance on vir-
gin materials, thereby decreasing the overall environmental 
footprint of their operations. This aligns with the European 
Union's objectives for sustainable development and resource 
efficiency, as outlined in the European Green Deal. [87]

Furthermore, the integration of fayalitic slag recycling 
into the value chain of metal production can enhance the 
overall sustainability of the industry. By establishing closed-
loop systems where waste materials are reintegrated into 
production processes, companies can achieve significant 
reductions in greenhouse gas emissions and resource deple-
tion. [4, 5, 88] This approach not only fosters innovation 
in recycling technologies but also encourages collaboration 
among stakeholders, including manufacturers, recyclers, 
and policymakers, to create a more resilient and sustainable 
industrial ecosystem.

The importance of understanding fayalitic slag compo-
sition is underscored by the growing demand for CRMs, 
which are often subject to supply chain vulnerabilities due 
to geopolitical factors and market fluctuations. [89–93] By 
developing robust recycling frameworks that leverage the 
potential of fayalitic slags, industries can mitigate risks 
associated with supply shortages and price volatility. This 
proactive approach not only secures a stable supply of essen-
tial materials but also enhances the competitiveness of busi-
nesses operating within the circular economy.

Conclusion

This literature review assessment on the composition 
and mineralogy of industrial and synthetic fayalitic slags 
advances the understanding of their role in nonferrous met-
allurgy. It establishes fayalitic slags as critical byproducts 
of the copper, lead, and nickel industries, highlighting their 
historical significance and modern relevance due to their 
ability to immobilize iron and adjust slag properties such 
as melting point and viscosity. In addition, it mirrors the 
vast quantities generated annually and their potential for 
metal recovery and sustainable applications. The performed 
analysis of main constituents revealed that besides iron and 
silicon, calcium, aluminum, and magnesium dominate fay-
alitic slag compositions, with regional variations reflecting 
diverse smelting practices, thereby impacting the stability of 
contained mineral phases.

The mineralogical analysis of fayalitic slags reveals a 
diverse range of minerals, including olivines (kirschteinite), 
pyroxenes (hedenbergite, augite), spinels (magnetite), and oth-
ers, with industrial slags showing greater mineral diversity (29 
minerals) compared to synthetic slags (19 minerals) due to 
less controlled smelting and cooling conditions. These find-
ings, particularly the prominence of Ca-containing phases like 
hedenbergite and kirschteinite, and the influence of cooling 
regimes on phase transformations, provide critical insight for 
optimizing metal recovery. Relevant phases, such as pyrox-
enes, seem promising for achieving immobilization of critical 
raw materials in both industrial and synthetic fayalitic slags. 
For this, the influence of calcium oxide on the physical proper-
ties of fayalitic slags should be investigated.

Another example of further aimed investigation is the influ-
ence of iron speciation, thus iron oxide content. The precipita-
tion of magnetite is desired for enhancing magnetic proper-
ties for further mechanical treatment, although not enhancing 
immobilization of minor constituents like Ti, Zn, and Pb. A 
relevant aspect is that the precipitation of magnetite leads to 
the dissolution of silica, increasing the amorphous character 
of the slag, which may complicate metal recovery processes 
by reducing the crystallinity needed for efficient separation.

Building on this foundation, Part II will investigate the 
physical properties of fayalitic slags, including melting 
point, density, viscosity, enthalpy of fusion, and metal dis-
tribution, using thermochemical modeling.

For this, the primary compounds, FeO, SiO2, and CaO, 
identified in this presented work as dominant constituents, 
will serve as the baseline for thermochemical simulations 
across the ternary diagram, supplemented by secondary 
compounds such  as MgO, Al2O3, and Fe2O3, as additives in 
Part II. Main effect plots for each studied property will also 
be provided to assess the impact of individual compounds on 
slag behavior for modulating viscosity, density, and melting 
temperature.
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